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CONVERSION FACTORS, METRIC TO BRITISH AND BRITISH TO METRIC 
UNITS OF MEASUREMENT 
Metr ic  u n i t s  of measurement used i n  t h i s  r e p o r t  can b e  converted t o  
B r i t i s h  u n i t s  as follows: 
Mu1 t i p l y  By To Obtain 
0.3937 inches  cen t i m e  t e rs 
meters 3,2808 f e e t  
grams 0.0022 pounds (mass) 
newtons 0.2248 
m e t  er-newtons 0.7375 f o o t  -pounds 
ulcbailewtons p e r  cubic  aeter 
pounds ( force)  
3.684 pciinds p e r  ciibic inch  ...- - 
B r i t i s h  u n i t s  of measurements used in  this r e p o r t  can be  converted t g  
metric u n i t s  as fol lows:  
Mu1 t i p  ly By T o  Obtain 
pounds ( fo rce )  4.4482 newtons 
SUMMARY 
A one-sixth scale model of ths Liinar R o v i i ~ g  Valicle used xh the 
Apollo 15 mission w a s  b u i l t  and instrumented t o  conduct model s t u d i e s  of 
v e h i c l e  mob i l i t y .  The model w a s  f r e e  running under r a d i o  c o n t r o l  and 
w a s  equipped w i t h  a l i gh twe igh t  te lemetry t r a n s m i t t e r  t h a t  allowed 16 
channels of d a t a  t o  b e  gathered s imultaneously.  
wheel devices  were developed t o  measure yehicle v e l o c i t y .  
t i m e  measurements included wheel torque,  wheel speed,  cen te r -o f -g rav i ty  
a c c e l e r a t i o n s ,  and s t e e r i n g  f o r c e s .  C a l i b r a t i o n ,  o p e r a t i o n s ,  and 
maintenance procedures w e r e  worked out .  
S t r i n g  payout and f i f t h -  
Other real- 
Details of t h e  development of t h e  i n s t r u m e n t a t i o n ,  i t s  maintenance, 
some o f  t h e  problems encountered,  e t c .  , are recorded i n  t h i s  r e p o r t  t o  
serve as a p re l imina ry  o p e r a t i o n s  and maintenance manual f o r  this s p e c i f i c  
model. I n  a d d i t i o n ,  information regarding s o i l  p rocess ing  and t e s t i n g  
t h a t  may be u s e f u l  t o  NASA personnel  planning m o b i l i t y  r e s e a r c h  w i t h  t h e  
model i n  s o i l  i s  fu rn i shed .  
x i  
OPERATIONS AND MAINTENANCE MANUA L 
FOR A SCALE-MODEL LUNAR ROVING VEHICLE 
PART I: INTRODUCTION 
Background 
1. The use  of scale models is  an a t t rac t ive  t o o l  of des ign  and 
a n a l y s i s ,  e s p e c i a l l y  in cases where it is impossible  o r  i m p r a c t i c a l  t o  
d e a l  w i t h  f u l l - s c a l e  p ro to types .  Scale  modeling i s  a we l l - e s t ab l i shed  
p r a c t i c e  i n  aerodynamics and hydrodynamics s t u d i e s ,  b u t  has  seen  less 
success  i n  s t u d i e s  of land v e h i c l e s .  One important  reason f o r  t h i s  
s ta te  o f  a f f a i r s  is t h a t  s o i l  i s  a much more complex environment than  
are a i r  and water and has  proven d i f f i c u l t  t o  s tudy i n  terms of modeling 
theory.  Another reason is  t h a t  a small-s ize  model v e h i c l e  must suppor t  
a s c a l e d  l o a d ,  which, when made up of t r a n s d u c e r s  and suppor t  e l e c t r o n i c s ,  
a l lows r e l a t i v e l y  few measurements on board b e f o r e  t h e  weight l i m i t  i s  
a t t a i n e d .  I n  a d d i t i o n ,  t h e  u s e  of umbil ical  cords f o r  t r ansmiss ion  of 
power and s i g n a l s  has  h e r e t o f o r e  been necessa ry  , wi th  i n e v i t a b l e  
r e s t r i c t i o n s  on v e h i c l e  dynamics and maneuvering. These f a c t o r s ,  t o g e t h e r  
w i t h  v e h i c l e  p ro to type  c o s t s  s i g n i f i c a n t l y  less than those  of a i r c r a f t  
and s h i p s ,  have n o t  encouraged wide a p p l i c a t i o n  of model t heo ry  t o  s o i l -  
v e h i c l e  systems. However, prototype c o s t s  of m i l i t a r y ,  a g r i c u l t u r a l ,  
and commercial v e h i c l e s  cont inue t o  i n c r e a s e ,  n o t  t o  mention those  of 
special-purpose v e h i c l e s  such as the l u n a r  rove r .  A s  a r e s u l t ,  continued 
* 
* D. R. F r e i t a g ,  R. L.  Scha fe r ,  and R. D. W i s m e r ,  "S imi l i t ude  S t u d i e s  of - -  
Soil-Machine Systems ," J o u r n a l  of Terramechanics , V o l  7 ,  N o .  2 ,  1970, 
pp 25-59. 
development of s o i l - v e h i c l e  s c a l e  models i s  necessa ry  t o  provide i n c r e a s i n g  
support  f o r  r a t i o n a l  v e h i c l e  design. 
Purpose 
2. The purpose of t h i s  s tudy w a s  t o  develop i n s t r u m e n t a t i o n ,  
maintenance, and ope ra t ions  procedures f o r  a s p e c i f i c  small-scale model 
of the lunar  roving v e h i c l e  (LRV) as configured f o r  t h e  Apollo 15 mission.  
The p r i n c i p a l  purpose of t h i s  r e p o r t  is  t o  serve as a f i r s t - g e n e r a t i o n  
o p e r a t i o n s  and maintenance manual f o r  Na t iona l  Aeronautics and Space 
Agency (NASA) per sonne l  who p l a n  t o  conduct tests wi th  t h e  model. 
a d d i t i o n ,  the r e p o r t  c o n t a i n s  information concerning s o i l  p rocess ing  and 
t e s t i n g  . 
I n  
Scope 
3 .  A one-sixth scale,  r ad io -con t ro l l ed  model of t h e  Apollo 15  LRV 
w a s  constructed and instrumented wi th  l i g h t w e i g h t  t r a n s d u c e r s .  A l i g h t -  
we igh t ,  small -s ize  t e l eme t ry  t r a n s m i t t e r  w a s  ob ta ined ,  a l lowing devel- 
opment of an umbi l i ca l - f r ee  measurement system. 
and f i f th-wheel  dev ices  a l s o  were developed. Tests w e r e  conducted t o  
work o u t  e f f e c t i v e  o p e r a t i n g  and maintenance procedures .  
Low-drag s t r i n g  payout 
2 
PART 11: THE VEHICLE, INSTRUMENTATION, AND MAINTENANCE 
The Vehicle 
* 
4 .  The scale-model LRV ( f i g .  1) i s  51 cm long and 34 cm wide. 
The geometr ic  s c a l e  i s  one-sixth t h a t  of t h e  a c t u a l  v e h i c l e .  The main 
f e a t u r e s  of t h e  suspension,  s t e e r i n g ,  a d  wheels were g e c m e t r i c a l l y  
s c a l e d  from t h e  prototype v e h i c l e .  
were s imula t ed  on the  model by a woven nylon mesh. 
d e p a r t u r e  from proper  geometric s c a l i n g  w a s  t h e  use of hull-mounted 
motors on t h e  model i n s t e a d  of hub-mounted motors as on t h e  p ro to type .  
The wire-mesh wheels of t h e  p ro to type  
The only s i g n i f i c a n t  
5. The s c a l i n g  l a w s  f o r  t h e  model are o u t l i n e d  i n  Appendix A ,  and 
r e s u l t  i n  a t o t a l  weight of approximately 31 N. Of t h i s  t o t a l ,  t h e  
model, b a t t e r i e s ,  and r a d i o  c o n t r o l  components weigh 20 N ,  l e a v i n g  11 N 
f o r  a l l  i n s t rumen ta t ion .  
l i g h t w e i g h t  components and by devis ing measurements r e q u i r i n g  l i t t l e  
a d d i t i o n a l  s t r u c t u r a l  weight.  I t  should be noted,  a l s o ,  t h a t  t h e  c o n t r o l  
and in s t rumen ta t ion  components are glued i n  p l a c e  and are capable  of 
be ing  r e l o c a t e d  t o  a l low changes i n  d i s t r i b u t i o n  of weight i f  d e s i r e d .  
The key mechanical elements i n  t h e  model are t h e  d r i v e  s h a f t ,  
This w e i g h t  l i m i t a t i o n  w a s  m e t  by u s i n g  very 
6 .  
wheel b e a r i n g s ,  and wheels. 
j o i n t s  and a s p l i n e .  Torque i s  t r ansmi t t ed  t o  t h e  wheels through t h e  
e n t i r e  ranges of suspension f l e x u r e  and s t e e r i n g  angles .  The t r ansmiss ion  
of t o rque  , however, is  no t  e n t i r e l y  smooth , b u t  f l u c t u a t e s  c y c l i c a l l y  as 
Each drive s h a f t  is made up of two u n i v e r s a l  
~ ~~ ~ ~~ 
* A t a b l e  of f a c t o r s  f o r  convert ing m e t r i c  t o  B r i t i s h  and B r i t i s h  t o  m e t r i c  
u n i t s  of measurement i s  given on page i x .  
3 
t h e  d r i v e  s h a f t  r o t a t e s .  The wheel "bearing" c o n s i s t s  of two c o n c e n t r i c  
b r a s s  s l eeves  with dry l u b r i c a n t  between them. 
a r a t h e r  rudimentary des ign ,  i t  has  performed s a t i s f a c t o r i l y ,  p r e s e n t i n g  
fewer maintenance problems than a n t i c i p a t e d .  The wheels were handmade 
from a rewoven nylon mesh epoxied t o  an aluminum hub. I n e v i t a b l y ,  t he  
wheels were somewhat out-of-round and d i s t o r t e d ;  however, they w e r e  w i t h i n  
accep tab le  dimensional l i m i t s ,  With the  in s t rumen ta t ion  configured as 
shown i n  f i g .  l b ,  the s t a t i c  d e f l e c t e d  r a d i i  and the  average e f f e c t i v e  
r a d i i  of the wheels w e r e  as shown on page 5. These w e r e  averages of 
measurements taken a t  fou r  equa l ly  spaced p o i n t s  on each wheel;  t h e  wheel 
w a s  r o t a t e d  so t h a t  each p o i n t ,  i n  t u r n ,  underwent d e f l e c t i o n .  The wheel 
load i n  each case  w a s  approximately 7 . 7  N ,  corresponding t o  t h e  wheel 
load of t he  prototype on t h e  moon d iv ided  by 36 (see Appendix A ) .  
Although the  b e a r i n g  is  of 
* 
I n s  t rumen t a t i on 
7. The in s t rumen ta t ion  system c o n s i s t s  of a s s o r t e d  t r ansduce r s  whose 
s i g n a l s  are te lemetered t o  a remote da t a -ga the r ing  s t a t i o n .  The system i s  
completely se l f - con ta ined  and has  a t o t a l  weight c o n s i s t e n t  w i th  t h e  s c a l e d  
loading of the a c t u a l  LRV. The key element is t h e  t e l eme t ry  t r a n s m i t t e r  
package whose c h a r a c t e r i s t i c s  are t a b u l a t e d  below. 
Number of d a t a  channels:  16 
Sample ra te  p e r  channel:  200/sec 
* A .  J .  Green, "Performance of S o i l s  Under T i r e  Loads; Development and 
Evaluat ion of Mobil i ty  Numbers f o r  Coarse-Grained S o i l s , "  Technical  
Report No. 3-666, Report No. 5 ,  J u l  1967, U .  S .  Army Engineer Waterways 
Experiment S t a t i o n ,  CE,  Vicksburg, M i s s .  
A .  J .  Green and K . - J .  Melzer,  "Performance of t h e  Boeing LRV Wheels i n  a 
Lunar S o i l  Simulant;  E f f e c t s  of Wheel Design and S o i l "  ( i n  p r e p a r a t i o n )  , 
U. S.  Army Engineer Waterways Experiment S t a t i o n ,  C E ,  Vicksburg, M i s s .  
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Wheel Undeflected Def lec ted  
No.  P o i n t  Radius R ,  cm Radius R ’ ,  cm -- 
1 1 6.553 6.032 
2 6.555 6.058 
3 6.563 6.091 
4 6.558 5.994 
Aver age 
Def l ec t ion  Effective * Effective 
Radius Re ,  cm 
6 ,  cm Radius ,  cm 




2 1 6.502 6.058 
2 6.565 6.147 
3 6.515 6.071 
4 6.558 6.134 
3 1 6.439 5.949 
2 6.566 6.147 
3 6.492 6.119 
4 6.452 5.956 
4 1 6.627 6.223 
2 6.731 6.284 
3 6.794 6.411 















Weight w i t h  h a t t e r y :  5.27 newtons 
S ize :  
Carrier frequency: 88-108 MHz 
Range: 16 m 
Operation t ime pe r  b a t t e r y  charge: 
15.2 hy 12 .7  hy 5 .1  cm 
30 m i n  
Data from the t ransducers  are mult iplexed on to  a s i n g l e  F’M carrier and 
decoded i n t o  separate s imul taneous ly  a v a i l a b l e  analog d a t a  channels a t  
the  r ece ive r .  
o r  d i sp layed  on osc i l l og raphs  as d e s i r e d .  The l i g h t  weight ,  smal l  s i z e ,  
and channel  capac i ty  of t h e  transmitter made the development of the 
measurement s y s t e m  p o s s i b l e ,  
Inmet Corporat ion,  Ind ian  Harbour Beach, F l o r i d a ,  and w a s  the f i r s t  such  
u n i t  f a b r i c a t e d  by t h e  manufacturer .  I n  a d d i t i o n  t o  general-purpose 
t ape  recorders  and o s c i l l o g r a p h s ,  t h e  in s t rumen ta t ion  r equ i r ed  f o r  gath-  
e r i n g  d a t a  from t h e  model i s  shown i n  f i g .  2. A schematic  diagram of 
the  osc i l l og raph / t ape  r eco rde r  pane l  i s  shown i n  f i g .  3 .  
M e  as urements 
A t  t h i s  p o i n t ,  t h e  d a t a  can b e  recorded on magnetic t ape  
The transmitter w a s  designed and b u i l t  by 
8. Motor c u r r e n t  i s  determined s e p a r a t e l y  f o r  each of  the fou r  
wheel motors by monitor ing t h e  v o l t a g e  developed ac ross  a p r e c i s i o n  0.1-ohm 
r e s i s t a n c e  i n  which the  motor c u r r e n t  i s  f lowing.  The l o c a t i o n  of  this 
r e s i s t a n c e  i n  t h e  motor c i r c u i t r y  is  i n d i c a t e d  i n  f i g .  4 .  Note t ha t  
c u r r e n t  flows i n  t h e  same d i r e c t i o n  i n  the resistance r e g a r d l e s s  of t h e  
d i r e c t i o n  of motor r o t a t i o n ,  
normally produced i n  p ropor t ion  t o  t h e  magnitude of c u r r e n t  w i thou t  regard  
t o  d i r e c t i o n  of r o t a t i o n .  
having an input range of  0 . 1  v (corresponding t o  a c u r r e n t  range of 1 amp). 
Thus, a v o l t a g e  of  p o s i t i v e  p o l a r i t y  is 
This  vo l t age  i s  app l i ed  t o  a te lemet ry  channel 
6 
Each te lemet ry  channel has a zero-offset  c o n t r o l  that allows the l o c a t i o n  
of the zero of  v o l t a g e  t o  b e  set a t  w i l l  throughout the inpu t  range ,  The 
i n i t i a l  s e t u p  of this c o n t r o l  places  the ze ro  of v o l t a g e  in the center of 
t h e  range,  which m e a n s  that  each  motor  c u r r e n t  i s  measured i n  the range  
of  -0.5 t o  M.5 amp. This s e t u p  was made i n  a n t i c i p a t i o n  of the d e s i r e  
t o  r e g i s t e r  the overrunning of t h e  motors hy the yehide en domihi l l  
s l o p e s .  
ze ros .  
Experience w i t h  t h e  v e h i c l e  w i l l  sugges t  optimum l o c a t i o n  of 
9. Motor v o l t a g e  i s  measured by us ing  a v o l t a g e  d i v i d e r  a t t ached  t o  
the  main power b u s s ,  as shown i n  f i g .  4 .  The v o l t a g e  app l i ed  t o  a l l  
motors is t h e  same and is recorded by a s i n g l e  te lemet ry  channel, 
channel  has  been zero-centered and has an i n p u t  range of -5 t o  f5 Y. 
zero-center ing i n  th i s  instance can b e  a l t e r e d  i f  more r e s o l u t i o n  is  
r e q u i r e d  as suggested by exper ience  w i t h  the vehicle. 
This  
The 
10. Wheel speed is determined from a t i m e  h i s t o r y  o f  p u l s e s ,  wherein 
t h e  t i m e  between ad jacen t  pu l se  peaks is  t h e  t i m e  f o r  one r e v o l u t i o n  of 
t h e  wheel. These pu l ses  are obtained by us ing  a v o l t a g e  d i v i d e r ,  as shown 
i n  f i g .  5 ,  one element of which is  a l i g h t - s e n s i t i v e  resistance o r i e n t e d  
t o  sense l i g h t  r e f l e c t e d  from the motor d r i v e  s h a f t .  Half the s u r f a c e  on 
t h e  circumference of t h e  d r i v e  shaft  is  d u l l  b l ack ;  the o t h e r  h a l f  i s  
b r i g h t .  Ambient l i g h t  i s  used,  producing pu l ses  of vary ing  h e i g h t ;  
however, t h e  peak-to-peak spac ing  of the p u l s e s  remains apparent .  The 
speed  of  each wheel is measured i n  t h i s  way, Four telemetry channels, 
each zero-centered i n  a range from -5 t o  +5 v ,  are ass igned  t o  this  
m e  as uremen t . 
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11. Yehicle a t t i t u d e  i s  determined by us ing  two accelerometers  w i t h  
t h e i r  s e n s i t i v e  axes pos i t i oned  h o r i z o n t a l l y  i n  t h e  t r a n s v e r s e  and longi-  
t u d i n a l  d i r e c t i o n s .  The o f f s e t s  of t h e s e  accelerometers are p r o p o r t i o n a l  
t o  t h e  s i n e s  of t h e  angles  formed by t h e i r  s e n s i t i v e  axes wi th  t h e  h o r i -  
z o n t a l  space-fixed coord ina te  p l ane .  The de te rmina t ion  of t h e s e  two 
ang les  f i x e s  t h e  i n c l i n a t i o n  of t he  plane of t h e  v e h i c l e  bed wi th  t h e  
h o r i z o n t a l .  Note t h a t  t he  plane of t h e  v e h i c l e  bed could be r o t a t e d  
about a v e r t i c a l  a x i s  w i t h  no changes i n  t h e  accelerometer  o f f s e t s .  
Thus, t h e  measurement gives  v e h i c l e  i n c l i n a t i m  without  r e f e r e n c e  t o  
d i r e c t i o n  of motion. Note a l s o  t h a t  t h e  de t e rmina t ion  of a t t i t u d e  i s  
b e s t  accomplished wi th  t h e  v e h i c l e  a t  rest s o  t h a t  t h e r e  i s  no c o n t r i -  
b u t i o n  by dynamics t o  t h e  r e g i s t r a t i o n  of t h e  accelerometers .  Two te l -  
emetry channels ,  zero-centered i n  a range of -5 t o  +5 v,  are as s igned  t o  
t h i s  measurement. 
1 2 .  V e r t i c a l  a c c e l e r a t i o n  i s  measured by an accelerometer  w i t h  i t s  
s e n s i t i v e  axis  pe rpend icu la r  t o  t h e  p l ane  of the v e h i c l e  bed.  This 
accelerometer ,  t o g e t h e r  w i th  those whose o f f s e t s  measure v e h i c l e  a t t i t u d e ,  
make up an orthogonal a r r a y  r e g i s t e r i n g  a c c e l e r a t i o n  dynamics along t h e  
body-centered p i t c h ,  r o l l ,  and yaw axes of t h e  v e h i c l e .  One t e l eme t ry  
channel ,  zero-centered i n  a range of -5 t o  +5 v ,  i s  assigned t o  t h i s  
measurement. However, f o r  s t e a d y  s ta te  o p e r a t i o n s  where v e r t i c a l  dynamics 
are n o t  of i n t e r e s t ,  t h i s  d a t a  channel i s  a s s igned  t o  ano the r  measurement. 
13. S t e e r i n g  f o r c e  is measured by s t r a i n  gages mounted on t h e  
s t e e r i n g  l i n k s  ( f i g .  I C ) .  Because of t h e  small s u r f a c e s  a v a i l a b l e  f o r  
t h e  s t r a i n  measurement, semiconductor gages of h igh  s e n s i t i v i t y  had t o  b e  
used. These gages are s u b j e c t  t o  s i g n i f i c a n t  temperature  e f f e c t s  and are 
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c r i t i c a l l y  dependent upon c o r r e c t  emplacement. 
w i th  cons ide rab le  s c r a p i n g  and f r i c t i o n  w i t h r n  t h e  s t e e r i n g  assembly, 
r ende r  t h e  measurement of s t e e r i n g  fo rces  troublesome. The electrical  
s e t u p  is dep ic t ed  i n  f i g .  6 .  
tailor-made c i r c u i t r y ,  r e f l e c t i n g  the s e n s i t i v i t y  of t h e s e  gages t o  t h e  
circllmstances nf t h e i r  ZountiEg. I n  a d d i t i o n ,  the location of t h e  sen- 
s i t i v i t y  r e s i s t o r s  f o r  each gage i n  t h e  c l u s t e r  of r e s i s t o r s  mounted on 
t h e  v e h i c l e  is shown. Four te lemetry channe l s ,  e s p e c i a l l y  arranged f o r  
s t ra in  t r a n s d u c e r s ,  are assigned t o  t h i s  measurement. 
These f a c t o r s ,  t o g e t h e r  
Note t h a t  each b r i d g e  of gages has  i t s  own 
14 .  Vehicle speed and e l apsed  d i s t a n c e  f o r  s t r a i g h t - l i n e  runs are 
measured by t h e  s t r i n g  payout device i l l u s t r a t e d  i n  f i g .  7a ,  i n  which t h e  
d e v i c e  i s  arranged on a t a b l e  top  for  c l a r i t y .  
s t r i n g  a t t a c h e d  t o  t h e  f r o n t  a n d  the rear of t h e  v e h i c l e .  The s t r i n g  
d r i v e s  a s l o t t e d  c i r c u l a r  p l a t e  mounted on one of t h e  p u l l e y  s u p p o r t s .  
The s l o t s ,  sensed by a lamp and p h o t o c e l l ,  produce p u l s e s  whose s e p a r a t i o n  
i n  t i m e  i s  p r o p o r t i o n a l  to v e h i c l e  v e l o c i t y .  The appa ra tus  exerts n e g l i -  
g i b l e  d rag  on t h e  v e h i c l e .  No u s e  of t e l eme t ry  is r e q u i r e d  f o r  t h i s  
measurement; a cab le  carries signals d i r e c t l y  t o  t h e  d a t a - c o l l e c t i o n  
pane l .  
Four p u l l e y s  suppor t  a 
15. Vehicle  speed and e l apsed  d i s t a n c e  f o r  maneuvered runs are 
measured by t h e  f i f t h -whee l  dev ice  i l l u s t r a t e d  i n  f i g .  7b. 
wheel,  t h e  device i s  s u b j e c t  t o  a small amount o f  s l i p p i n g .  
reduced as much as p o s s i b l e  by using s e a l e d  bea r ings  w i t h  d ry  l u b r i c a n t  
and g r o u s e r s .  Neve r the l e s s ,  s l i p  remains an important  f a c t o r ,  w i t h  t h e  
f i f t h  wheel r e g i s t e r i n g  from 94  t o  98 p e r c e n t  of t he  v e h i c l e  speed as 
A s  a towed 
This has  been 
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r epor t ed  by the  s t r i n g  payout device.  This problem is  d i scussed  i n  
paragraph 43.  
senses the passage of a l t e r n a t i n g  l i g h t  and da rk  s u r f a c e s  and produces 
p u l s e s  c o r r e l a t e d  wi th  t h e  r o t a t i o n a l  speed of t h e  f i f t h  wheel ,  
As i n  t h e  case of the wheel speed measurement, a p h o t o c e l l  
16.  Drawbar p u l l .  A l i gh twe igh t  proving-ring load  c e l l  was ob ta ined  
f o r  use wi th  t h e  s t r i n g  payout device .  A s  o f  J u l y  1971, the load  c e l l  had 
n o t  been i n s t a l l e d .  
t o  a t t a c h  t h i s  load  c e l l  d i r e c t l y  t o  t h e  v e h i c l e ,  a t t a c h  t h e  payout s t r i n g  
The most d i r e c t  method of  measuring drawbar p u l l  2s 
t o  t h e  load  c e l l ,  a n d  i n s t a l l  a f r i c t i o n  snubber  on one of the p u l l e y s ,  
The load  cell  w i l l  r e g i s t e r  drawbar p u l l  d i r e c t l y .  One s t r a in  channel of  
t e lemet ry  w i l l  be  r equ i r ed  f o r  t r ansmiss ion  of d a t a  a t  t h e  expense of one 
of t h e  s t e e r i n g  f o r c e  measurements. 
Channel assignments 
17 .  Telemetry channel  assignments are as fo l lows  : 
Telemetry Channel M e  as u r  emen t 
0 Cur ren t l to rque ,  motor 1 
1 Cur ren t / to rque ,  motor 2 
2 Cur ren t l to rque ,  motor 3 
3 Cur ren t l to rque ,  motor 4 
4 Wheel speed ,  motor 1 
5 Wheel speed ,  motor 2 
6 Wheel speed ,  motor 3 





1 2  
Longi tudina l  a c c e l e r a t i o n  
Transverse a c c e l e r a t i o n  
Vert ical  a c c e l e r a t i o n ,  o r  
f i f th -wheel  speed ,  o r  
s t r i n g  payout s i g n a l  
Motor v o l t a g e  




1 4  
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M e  as u r  emen t 
S t e e r h g  f o r c e ,  wheel 2 
S t e e r i n g  f o r c e ,  wheel 3 
S t e e r i n g  f o r c e ,  wheel 4 
C alltb r a t i o n s  
18. Motor c u r r e n t  is c a l i b r a t e d  as i n d i c a t e d  i n  f i g .  6 .  The b a s i c  
i d e a  I s  t o  I n j e c t  a known c u r r e n t  i n t o  t h e  p r e c i s i o n  0.1-ohm measurement 
r e s i s t o r  and monitor t h e  corresponding te lemetered output .  The fol lowing 
procedure is s p e c i f i c  f o r  motor 1; similar procedures p e r t a i n  t o  t h e  
o t h e r  motors. 
1 9 .  To inject a knoclm c u r r e n t  i n t o  t h e  measurement r e s i s t o r  of 
motor 1, switches A m-d B (fig. 4 )  ---- l l lWt b e  pu t  i n t o  t h e i r  normally open 
states, This  can b e  accomplished by i n s e r t i n g  small  wedges between t h e  
swi t ch  r o l l e r s  and t h e  cam. A l abo ra to ry  power supp ly ,  a series cu r ren t -  
l i m i t i n g  r e s i s t a n c e ,  and a p r e c i s i o n  l-ohm r e s i s t a n c e  are arranged i n  a 
series c i r c u i t  w i th  t h e  0.1-ohm measurement r e s i s t o r  as shown i n  f i g .  8. 
The t e l eme t ry  r e c e i v e r  i s  allowed t o  w a r m  up f o r  30 minutes and t h e  
t e l eme t ry  t r a n s m i t t e r  f o r  about 5 minutes,  and channel 0 is  monitored. 
The power supply is then a d j u s t e d  t o  p rov ide  a sequence of known c u r r e n t s ,  
as determined by t h e  v o l t a g e  a c r o s s  t h e  l-ohm r e s i s t a n c e ,  and t h e  cor- 
responding telemetry r e c e i v e r  output v o l t a g e  is recorded. A p l o t  of 
t h e s e  o u t p u t  v o l t a g e s  ve r sus  i n p u t  c u r r e n t s  c a l i b r a t e s  t h i s  measurement. 
P l o t s  f o r  channels 0-3 are given i n  f i g .  9 .  
20. Torque is  c a l i b r a t e d  by applying known torques t o  the  d r i v e  
s h a f t  and measuring t h e  corresponding motor c u r r e n t .  The c a l i b r a t i o n  
s e t u p  i s  shown i n  f i g  10. The procedure i s  as fol lows:  
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- a,  
- b.  
Mount t h e  v e h i c l e  ;in the c a l i b r a t i o n  j i g  and t i g h t e n  clamps. 
Remow t h e  wheel and clean t h e  b r a s s  tubing bearings, and 
apply f r e s h  g r a p h i t e  l u b r i c a n t .  
Replace t h e  wheel,  and mount t h e  torque c y l i n d e r  (with 
weight baske t  removed) t o  t h e  hub. Adjust  t h e  wheel p o s i t i o n  
s o  t h a t  t h e  torque c y l i n d e r  is  h o r i z o n t a l .  Using a labo- 
r a t o r y  power supply i n  p l a c e  of t h e  v e h i c l e  b a t t e r i e s ,  r u n  
t h e  wheel motor a t  i t s  s lowes t  speed,  and r eco rd  t h e  c u r r e n t .  
Note t h a t  t h e  presence of t h e  u n i v e r s a l  j o i n t s  r e s u l t s  i n  
a somewhat f l u c t u a t i n g  c u r r e n t ,  which should b e  recorded 
on a s t r i p  c h a r t  so t h a t  an average va lue  can b e  ob ta ined .  
Fas t en  t h e  weight b a s k e t  t o  t h e  torque assembly, and mount 
weights .  Run t h e  motor a t  i t s  s lowes t  speed t o  a l low t h e  
weight baske t  t o  wind uniformly on t h e  c y l i n d e r  and r eco rd  
t h e  c u r r e n t .  
- c .  
- d. 
Torque c a l i b r a t i o n  curves produced i n  t h i s  manner are shown i n  f i g .  11. 
The weights  used correspond t o  masses of 100, 200, 300, and 400 grams i n  
a b a s k e t  whose weight corresponds t o  a m a s s  of 20.7 grams. The r a d i u s  
of t h e  torque c y l i n d e r  i s  3.81 cm. The b a s i c  torque equa t ion  i s :  
TO = AT = K(IO + AI) (1) 
where 
To = r e a c t i o n  to rque  i n  wheel b e a r i n g  w i t h  torque c y l i n d e r  
mounted. 
AT = incremental  t o rques  added by weights  in weight  b a s k e t .  
Io = motor c u r r e n t  corresponding t o  T 
0'  
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A I  = corresponding incremental  c u r r e n t s  
Equation 1 can b e  w r i t t e n  as t h e  sum of t h e  fol lowing equa t ions :  
To = K I O  
AT = KAI 
A v a l u e  of K can b e  a s c e r t a i n e d  by p l o t t i n g  AT v e r s u s  AI and f i t t i n g  
a s t r a i g h t  l i n e  t o  the  p l o t .  Then, t o t a l  t o rque  can be computed by u s i n g  
t o t a l  c u r r e n t  (I + AI). 
2 1 .  An a l t e r n a t i v e  procedure is t o  telemeter t h e  c u r r e n t  measurement, 
and c a l i b r a t e  t h e  r e c e i v e r  output  d i r e c t l y  i n  t e r m s  of t h e  app l i ed  torque.  
A sample c a l i b r a t i o n  is  shown i n  f i g .  1 2 ,  and t h e  "end-to-end" c a l i b r a t i o n s  
cf the  f e u r  m o t ~ r s  are given i n  f i g .  13 .  ?!=:e +h-+ LllCIC L l r L a L  w i l l  L,. Ut auuLchat  ..--.,- 
d i f f e r e n t  from s imi l a r  graphs based on t h e  torque-current  and cu r ren t -  
v o l t a g e  c a l i b r a t i o n s ,  because t h e  torque a v a i l a b l e  a t  t h e  d r i v e  s h a f t  is  
dependent on the  s ta te  of maintenance of the wheel bea r ings .  Torque 
c a l i b r a t i o n s  taken a t  d i f f e r e n t  times w i l l  n o t  be q u i t e  t h e  same. 
22. Motor v o l t a g e  i s  c a l i b r a t e d  by applying a known v o l t a g e  t o  t h e  
measurement potent iometer  ( f i g .  IO) and a d j u s t i n g  i t  f o r  t h e  d e s i r e d  
corresponding ou tpu t  a t  t h e  telemetry r e c e i v e r .  For example, as p r e s e n t l y  
set up, 25 v app l i ed  t o  the  d r i v e  motors produces 5 v a t  t h e  r e c e i v e r .  
2 3 .  Wheel speed r e q u i r e s  no c a l i b r a t i o n .  
24.  Vehicle a t t i t u d e  i s  c a l i b r a t e d  by p u t t i n g  the  v e h i c l e  i n  any 
convenient f i x t u r e  whose a t t i t u d e  can b e  c o n t r o l l e d  s e p a r a t e l y  i n  p i t c h  
and r o l l .  P l o t s  of t e l eme t ry  output  v e r s u s  ang le  are i l l u s t r a t e d  i n  
f i g .  1 4 .  
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25. Vertical a c c e l e r a t i o n  i s  c a l i b r a t e d  by a 1-g o f f s e t  t h a t  appears 
upon a p p l i c a t i o n  of power t o  t h e  accelerometer .  
25. S t ee r ing  f o r c e  i s  c a l i b r a t e d  by applying known f o r c e s  t o  t h e  
s t e e r i n g  l i n k  on which t h e  s t r a i n  gages are mounted. The s t e e r i n g  l i n k  
must be removed from t h e  v e h i c l e ;  e lectr ical  connect ions are maintained 
through a test  c a b l e ,  as shown i n  f i g .  15. The s t e e r i n g  l i n k  is  placed 
i n  a test j i g  ( f o r  example, a v i s e  wi th  smooth j a w s ) ,  and t e n s i l e  and 
compressive fo rces  are app l i ed  by suspending known weights  wh i l e  cor- 
responding te lemetry v o l t a g e s  are recorded.  C a l i b r a t i o n  curves f o r  t h i s  
measurement a r e  given i n  f i g .  16,  Note t h a t  t h e  t i e  rod should be removed, 
and t h e  s t e e r i n g  l i n k  clamped, as shown i n  f i g .  1 7 .  
27. Vehicle speed and e l apsed  d i s t a n c e  measured by us ing  t h e  s t r i n g  
payout device r e q u i r e  no c a l i b r a t i o n .  
arranged s o  t h a t  two success ive  pu l ses  correspond t o  t r a v e r s a l  of 7.62 cm. 
The s i z e  of t h e  s l o t t e d  d i s k  i s  
28. Vehicle speed and e l apsed  d i s t a n c e  measured by using t h e  f i f t h  
wheel r e q u i r e  no c a l i b r a t i o n .  Two success ive  p u l s e s  correspond t o  one-half 
r e v o l u t i o n  of t he  f i f t h  wheel. The r a d i u s  of t he  wheel i s  5.84 cm. 
Maintenance 
29. The only mechanical items r e q u i r i n g  p e r i o d i c  maintenance are 
t h e  u n i v e r s a l  j o i n t s  and t h e  wheel bea r ings .  Because of t h e i r  s m a l l  
s i z e  and t h e  cons ide rab le  torque they must t r a n s m i t ,  t h e  u n i v e r s a l  j o i n t s  
f r e q u e n t l y  f a i l e d  by s h e a r i n g  and d i s t o r t i o n  of t h e  p i v o t  p l n s .  This  i s  
a materials problem t h a t  can be solved by u s i n g  h a r d e r  p i n s ;  u n t i l  t h i s  
is done, a supply of spare u n i v e r s a l  j o i n t s  must be maintained. T t  should 
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b e  noted t h a t  t h e  set screws i n  the  u n i v e r s a l  joAnts t end  t o  work loose  
under h igh  t o r q u e  loads and should be checked f r e q u e n t l y  f o r  t i g h t n e s s .  
30. Although they are unprotected by dus t  seals, t h e  wheel bea r ings  
have proven t o  b e  q u i t e  t o l e r a n t  of the dusty environment p re sen ted  by 
ope ra t ions  on t h e  l u n a r  s o i l  simulant.  Neve r the l e s s ,  t h e  wheels must 
b e  removed p e r i o d f c a l l y  m d  the Searirigs elsa-~ed. A d r y  g r a p h i t e  i u b r i -  
can t  should b e  used when they are reassembled. It is  imperat ive t h a t  
t h i s  be done p r i o r  t o  c a l i b r a t i n g  the torque measurement. During normal 
o p e r a t i o n s ,  c a r e f u l l y  blowing out  the bea r ings  wi th  h igh  p r e s s u r e  a i r  
fo l lowing  each test and determining t h a t  t h e  b e a r i n g s  remain f r e e  and 
loose  w i l l  s u f f i c e .  
should be cleaned. I f  t r o u b l e  is  experienced as t h e  b e a r i n g s  con t inue  
t o  wear, i t  may b e  w i s e  t o  consider  t h e  use of nylon o r  t e f l o n  f ac ings  
f o r  t h e  bea r ing  s u r f a c e s .  
Any s i g n  of binding is an i n d i c a t i o n  t h a t  t h e  bea r ings  
15 
PART 111: SOIL PROCESSING AND TESTING 
31. m e  luna r  s o i l  s imulant  used wi th  t h e  scale-model LRY 
* ** 
has  been descr ibed i n  d e t a i l  by Green and Melzer ,  B r i e f l y ,  i t  is  a 
crushed b a s a l t  wi th  a gra in-s ize  d i s t r i b u t i o n  approximating those  of t h e  
Apollo 12-15 s o i l  samples.  The s o i l  cond i t ion  d e s i r e d  f o r  t e s t i n g ,  
termed LSS had an average cone p e n e t r a t i o n  r e s i s t a n c e  g rad ien t  G of 
1 .03 MN/m . 
4' 
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32. I n  view of t h e  amount of s o i l  and t h e  types of test  b i n s  
a v a i l a b l e ,  i t  w a s  decided t o  separate t h e  tests according t o  whether 
s t eady- s t a t e  o r  t r a n s i e n t  cond i t ions  w e r e  be ing  s t u d i e d .  A s o i l  b i n  
163 cm wide and 7 m long w a s  used f o r  s t e a d y - s t a t e  tests,  i n  which 
s t r a i g h t - l i n e  runs  were of  i n t e r e s t .  A second b i n  approximately 2 m 
long and 3 m wide w a s  used f o r  tests i n  which maneuvering and dynamics 
w e r e  important .  I n  both b i n s ,  t h e  s o i l  w a s  p laced  t o  a depth of about 
13 cm over ly ing  a plywood base ,  i n  t u rn  ove r ly ing  a sand f i l l e r  of suf -  
f i c i e n t  quan t i ty  t o  b r i n g  the  s o i l  s u r f a c e  t o  w i t h i n  10 cm of t h e  top  of 
t h e  b i n .  It  i s  impor tan t ,  e s p e c i a l l y  i n  the case of t he  maneuver tests,  
t o  have a b a r r i e r  around t h e  t e s t i n g  area s o  t h a t  t h e  v e h i c l e  cannot  
f a l l  o f f  t he  test b i n .  This w a s  most e a s i l y  accomplished by keeping t h e  
s o i l  s u r f a c e  somewhat below t h e  top  edge of the test b in .  
--- 
* A .  J.  Green and K. - J .  Melzer,  "Performance of Boeing-GM Wheels i n  a 
Lunar S o i l  Simulant (Basalt) ,I' Technica l  Report  M-70-15, O c t  1970, 
U. S .  Army Engineer Waterways Experiment S t a t i o n ,  C E ,  Vicksburg, M i s s .  
** K.-J. Melzer and A. J. Green, "Performance Evalua t ion  of a F i r s t -  
Generation E l a s t i c  Loop Mobi l i ty  System ," Technica l  Report  M-71-1, 
May 1971, U .  S .  Army Engineer Waterways Experiment S t a t i o n ,  CE,  
Vicksburg, M i s s .  
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33. To p repa re  t h e  LSS4 cond i t ion ,  enough water was thoroughly 
mixed i n t o  the  s o i l  t o  b r i n g  t h e  moisture con ten t  t o  approximately 1.8 
p e r c e n t .  
sprayed t o  compensate f o r  evaporation. 
plowing wi th  a seed f o r k  t o  the t o t a l  s o i l  depth of 13 c m  and compacting 
wi th  a v i b r a t o r  u n t i l  t h e  d e s i r e d  dens i ty  w a s  ob ta ined .  
t h a t  t h e  sc reed ing  p rocess  used by Green and Melzer w a s  abandoned i n  t h i s  
s t u d y ;  t h e r e  w a s  no f u r t h e r  processing fol lowing compaction. Because 
wheel s inkages of j u s t  a few cent imeters  are encountered,  t h e  model is  
very s e n s i t i v e  t o  t h e  s t a t e  of t h e  s o i l  s u r f a c e ,  and t h e  d e n s i t y  of t h e  
s o i l  a t  the  s u r f a c e  is adve r se ly  a f f e c t e d  by t h e  s c r e e d i n g  p r o c e s s ,  
e s p e c i a l l y  when accomplished by hand-held s c r e e d  boards.  However, t h e  
main purpose of s c r e e d i n g ,  t h e  l e v e l i n g  of t he  s o i l  s u r f a c e ,  w a s  n o t  
accomplished, and t h e  s o i l  s e c t i o n  fol lowing compaction w a s  somewhat 
i r r e g u l a r .  
The s o i l  s u r f a c e  w a s  covered when no t  i n  use and occas iona l ly  
S o i l  p rocess ing  c o n s i s t e d  of 
Note, however, 
3 4 .  The s o i l  p rocess ing  methods worked ou t  w i t h i n  a v a i l a b l e  t i m e  
and funds w e r e  n o t  e n t i r e l y  s a t i s f a c t o r y .  They are e s s e n t i a l l y  app l i -  
c a t i o n s  of s a t i s f a c t o r y  methods worked out by Green and Melzer f o r  bin- 
emplaced s o i l  t r a v e r s e d  by f u l l - s i z e  wheels.  For model s t u d i e s  where 
s u r f a c e  e f f e c t s  predominate,  considerable  ref inement  of p rocess ing  tech- 
n iques  w i l l  b e  r e q u i r e d ,  The most p r e s s i n g  problem i s  t h e  nonuniformity 
of t h e  s o i l  d e n s i t y  throughout t h e  test area. This problem was t rouble-  
some i n  t h e  long s o i l  b i n s ,  where the width of t h e  test l a n e  corresponded 
t o  t h e  width of t h e  v i b r a t o r .  It was e s p e c i a l l y  troublesome i n  the  wider  
b i n  i n  which maneuver tests were conducted, where t h e  width of the t e s t  
l a n e  corresponded t o  s e v e r a l  adjacent  w id ths  of  t he  v i b r a t o r .  I n  t h i s  
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c a s e ,  t h e  compaction of one p a r t  of the s u r f a c e  by t h e  v i b r a t o r  w a s  upse t  
when t h e  adjacent  area w a s  p rocessed .  T t  i s  apparent  t h a t  p rocess ing  of 
s o i l  masses of s u r f a c e  area s u f f i c i e n t  f o r  s tud ing  t h e  performance of 
free-running s c a l e  models w i l l  r e q u i r e  t h e  development of s p e c i a l  t o o l s  
and techniques.  
* 
35. Because of i t s  c a p a b i l i t y  f o r  measuring s u r f a c e  s o i l  s t r e n g t h ,  
a "multi-probe" cone penetrometer  ( f i g .  18) w a s  used t o  t e s t  s o i l  s t r e n g t h ,  
f o r  adequate compaction. The penetrometer w a s  used i n  conjunct ion  wi th  
a s t r i p  char t  r eco rde r  t o  produce a force-penet ra t ion  curve from which 
t h e  average p e n e t r a t i o n  r e s i s t a n c e  g rad ien t  G w a s  determined. 
* Note added i n  proof:  NASA personnel  have determined t h a t  s a t i s f a c t o r y  
compaction and uni formi ty  of density can be  a t t a i n e d  by b u i l d i n g  up t h e  
s o i l  m a s s  i n  thin l a y e r s .  
are s e p a r a t e l y  compacted w i t h  a wefghted r o l l e r  p r i o r  t o  depos i t i on  of 
t h e  next l aye r .  
approximately 16 cm on level s u r f a c e s  and somewhat h i g h e r  where 
o b s t a c l e s  a r e  cons t ruc ted .  
The l a y e r s  are approximately 2.5 cm t h i c k  and 
The t o t a l  h e i g h t  of t h e  s o i l  m a s s  s o  cons t ruc t ed  i s  
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PART I V :  OPERATIONS 
Normal Mode Operat ions 
3 6 .  Separa t ion  of tests according t o  whether s t e a d y - s t a t e  o r  maneuver 
cond i t ions  were t o  be s t u d i e d  proved convenient.  
i nvo lve  s t r a i g h t - l i n e  runs over i? s o i l  s u r f a c e  of s l ; f f i c i e n t  l eng th  t o  
al low s e v e r a l  seconds of v e h i c l e  ope ra t ion  a t  cons t an t  speed. 
tests invo lve  changing the d i r e c t i o n  of t h e  v e h i c l e ,  a circumstance t h a t  
seldom al lows a s t eady  s ta te  t o  b e  a t t a i n e d .  
Steady-state  tests 
Maneuver 
37 .  The only d i f f e r e n c e  i n  the s e t u p  of equipment f o r  s t e a d y - s t a t e  
and maneuver tests is  t h a t  the s t r i n g  payout device is used i n  the  former,  
and t h e  f i f t h  wheel i n  t h e  la t ter .  In  theo ry ,  t h e  f i f t h  wheel can be used 
e x c l u s i v e l y ;  however, u n t i l  more experience i s  gained w i t h  i t s  use i n  
computing s l i p ,  use of t he  s t r i n g  payout dev ice  where p o s s i b l e  i s  
considered w i s e .  
38.  Normal mode ope ra t ions  r e f e r  t o  tests of t h e  v e h i c l e  i n  which 
a l l  f u n c t i o n a l  components o p e r a t e  as intended.  T e s t  s e t u p  procedures 
are as fol lows:  
- a. Prepare s o i l  test s e c t i o n .  Note t h a t  f o r  s t r a i g h t - l i n e  
tests, s e v e r a l  tests can be run side-by-side i n  t h e  same 
test s e c t i o n .  For maneuver tests, a f r e s h  test s e c t i o n  
w i l l  be  r e q u i r e d  f o r  each test .  
b .  A l l o w  w a m p . o f  ! Place t h e  




- c .  Attach v e l o c i t y  measuring dev ice ,  and p l ace  model on test 
s e c t i o n .  I f  a s t r a i g h t - l i n e  test  i s  t o  be  conducted, t he  
s t r i n g  payout device  i s  used;  if a maneuver t e s t ,  t h e  f i f t h  
wheel is used. 
i t s  own s i g n a l  cab le  and does n o t  use t e l eme t ry ;  t h e  f i f t h  
wheel uses  te lemet ry .  A s  p r e s e n t l y  set  up, t h e  ve r t i ca l  
a c c e l e r a t i o n  channel  i s  s a c r i f i c e d  whenever e i t h e r  v e l o c i t y  
measuring device  i s  used. 
o s c i l l o g r a p h  pane l  a l lows o s c i l l o g r a p h  channel  10 t o  be  
connected t o  e i t h e r  t h e  s t r i n g  payout s i g n a l  o r  t h e  s i g n a l  
from te lemet ry  channel  9 ,  t o  which e i t h e r  t h e  ver t ica l  
acce lerometer  o r  t h e  f i f t h -whee l  speed sensor  i s  a t t ached .  
Arrange f o r  angular  o r i e n t a t i o n  of t es t  b i n .  When t e s t i n g  
of  t h e  v e h i c l e  on s loped  s u r f a c e s  i s  d e s i r e d ,  i t  i s  neces- 
s a r y  t o  o r i e n t  t h e  test b i n  t o  p rov ide  t h e  proper  s l o p e  
angles .  This  i s  accomplished most e a s i l y  and s a f e l y  w i t h  
an overhead crane .  
Note t h a t  t h e  s t r i n g  payout device  h a s  
A f ront -panel  swi tch  on t h e  
- d .  
- e. C a l i b r a t e  w i th  te lemet ry  OFF. This invo lves  swi t ch ing  +5 
and -5 v t o  t h e  o s c i l l o g r a p h  galvanometers ,  u s ing  t h e  
f ront -panel  swi tch  on t h e  o s c i l l o g r a p h / t a p e  r eco rde r  pane l .  
These vo l t ages  r e p r e s e n t  t h e  maximum s i g n a l  excurs ions  t o  
come from t h e  t e l e m e t r y  receiver. This c a l i b r a t i o n  must be  
accomplished f i r s :  w i th  t e l eme t ry  t r a n s m i t t e r  and receiver 
OFF, s o  t h a t  proper  zeros  can  be  r ead  on t h e  motor v o l t a g e  
and ve r t i ca l  a c c e l e r a t i o n  channels  (wi th  te lemet ry  O N ,  
t h e s e  channels  have normal o f f s e t s ) .  
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- f. Switch on te lemetry and power s u p p l i e s  on v e h i c l e .  
3 minutes f o r  te lemetry warmup. A l s o ,  switch on t h e  r a d i o  
c o n t r o l  r e c e i v e r .  The power s u p p l i e s  r e f e r r e d  t o  are those  
for propu l s ion ,  wheel speed s e n s o r s ,  and acce le romete r s ,  
Make s u r e  t h a t  t he  d i r e c t i o n - c o n t r o l  s e rvo  on t h e  v e h i c l e  
is i n  i t s  n e u t r a l  p o s i t i o n  !no v e h i c l e  motion).  
Allow 
g. C a l i b r a t e  wi th  telemetry ON. Follow procedures i n  5 
above, except  te lemetry t r a n s m i t t e r  and r e c e i v e r  are ON. 
- h.  Operate  v e h i c l e .  Switch on r a d i o  c o n t r o l  t r a n s m i t t e r  , 
p l a c e  o s c i l l o g r a p h  and t a p e  r eco rde r  ( i f  used) i n  o p e r a t i o n ,  
and conduct test .  
- i. Secure v e h i c l e .  Following t h e  t es t ,  switch o f f  a l l  power 
s u p p l i e s ,  telemetry, and r a d i o  c o n t r o l  components. P l a c e  
v e h i c l e  on t h e  torque c a l i b r a t i o n  test  j i g  f o r  s a fekeep ing  
and t o  keep v e h i c l e  weight o f f  t h e  wheels.  I f  t h e  v e h i c l e  
is  t o  be i d l e  f o r  s e v e r a l  hour s ,  p l a c e  wheel covers  on 
t h e  wheels t o  maintain t h e i r  shape. Recharging p ropu l s ion  
and t r a n s m i t t e r  b a t t e r i e s  (both te lemetry and r a d i o  c o n t r o l )  
between tests is a good p r a c t i c e .  
Degraded Mode ODerations 
39. Degraded mode ope ra t ions  are in t ended  t o  s i m u l a t e  f a i l u r e s  of 
v a r i o u s  mecnanical and e l e c t r i c a l  components on t h e  v e h i c l e  and t o  
a s c e r t a i n  performance p e n a l t i e s .  Test s e t u p s  and procedures are i d e n t i c a l  
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t o  those for  normal mode o p e r a t i o n s ,  except  f o r  mod i f i ca t ions  t o  t h e  
v e h i c l e  corresponding t o  S p e c i f i c  cases  of i n t e r e s t  t o  NASA per sonne l ,  
as fol lows:  
a .  F a i l u r e  of motors i n  locked cond i t ion .  F a i l u r e  of t h e  - 
motors i n  a locked cond i t ion  can be s imulated by 
disconnect ing t h e  power plugs t o  t h e  d e s i r e d  motors. 
- b.  Freewheeling of wheels. Freewheeling can be s imulated by 
removing the  s p l i n e  and lower d r i v e  s h a f t  on t h e  d e s i r e d  
whee 1s. 
c. F a i l u r e  of motors i n  backdrive cond i t ion .  This  cond i t ion  - 
cannot be s imulated on t h e  model v e h i c l e .  
- d. S t e e r i n g  motor lock.  S t e e r i n g  motor lock can b e  s imulated 
by switch c o n t r o l  of f o r e  and a f t  s t e e r i n g  s e r v o s ,  This 
c o n t r o l  i s  i n s t a l l e d  on the  v e h i c l e .  
- e. S t e e r i n g  motor disconnected. Disconnection of t h e  s t e e r i n g  
motor can be s imulated by removing the  s t e e r i n g  s e r v o ,  The 
s t e e r i n g  gear  w i l l  then be f r e e  t o  s l e w  from s i d e  t o  s i d e ,  
- f .  Wheel f a i l u r e .  Wheel f a i l u r e  can b e  s imulated by deforming 
t h e  model wheels a s  d e s i r e d  and s e c u r i n g  t h e  deformation 
w i t h  f i n e  w i r e s  a t t a c h e d  t o  t h e  nylon mesh of t h e  wheels.  
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PART Y: SUMNARY OF EXPERIENCES 
40. The fol lowing d i scuss ion  bea r s  on a v a r i e t y  of t o p i c s  r e f l e c t i n g  
accumulated experience i n  working with t h e  scale-model LRV. 
Problems with Torque Measurements 
E r ro r  i n  a n a l y s i s  of 
torque me aus remen t 
41. A s  mentioned ea r l i e r ,  t he  c a l i b r a t i o n  of t h e  torque measurement 
depends on t h e  s ta te  of maintenance of t h e  wheel bea r ing .  
t h i s  f a c t ,  torque c a l i b r a t i o n s  f o r  the fou r  wheels taken a t  d i f f e r e n t  
t i m e s  are i l l u s t r a t e d  i n  f i g s .  19a-19d. These c a l i b r a t i o n  curves are  
a l l  superimposed i n  f i g .  19e t o  give an o v e r a l l  i d e a  of t he  sp read  i n  
t h e  measurements. The outcomes of c a l i b r a t i o n  t r ia l s  under d i f f e r e n t  
cond i t ions  of temperature  and d u s t  environment are shown i n  f i g .  20. 
It  is apparent  t h a t  refinement of t h e  wheel b e a r i n g  and d r i v e  s h a f t  
l i n k a g e s  w i l l  be r equ i r ed  t o  e l imina te  mechanically induced f l u c t u a t i o n s  
i n  to rque  d e l i v e r e d  t o  t h e  wheels. 
Extension of t o rque  c a l i b r a t i o n s  
To i l l u s t r a t e  
42. A s  d i scussed  ear l ier ,  t h e  to rque  measurement i s  c a l l b r a t e d  
i n  t h e  range of motor c u r r e n t s  from zero t o  0 .5  amp. A l l  l e v e l - s u r f a c e  
maneuvering by the  v e h i c l e  on rough o r  smooth s u r f a c e s  i s  accomplished 
wi th  moror c u r r e n t s  of less than 0.5 amp. However, when t h e  v e h i c l e  
i s  ope ra t ed  on s l o p e s ,  e s p e c i a l l y  under s t a l l e d  c o n d i t i o n s ,  t h e  motor 
c u r r e n t s  exceed 0.5 amp and are thus beyond t h e  range of  the to rque  
c a l i b r a t i o n .  Although ex tens ion  of t h e  c a l i b r a t i o n  would be d e s i r a b l e ,  
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i t  would be d i f f i c u l t  t o  do SO by us ing  t h e  procedure desc r ibed  ea r l i e r ,  
i n  which known fo rces  act  through known d i s t a n c e s  i n  t h e  form of  suspended 
weights  winding up on a torque  c y l i n d e r  mounted on a r o t a t i n g  wheel. 
d i f f i c u l t y  a r i s e s  because heavy suspended weights  i n t roduce  s e r i o u s  
ex t raneous  fo rces  when they are a c c e l e r a t e d  from rest o r  are i n a d v e r t e n t l y  
j a r r e d .  The f o r c e s  are of s u f f i c i e n t  magnitude t o  d i s r u p t  t h e  cal i -  
b r a t i o n  a n d  t o  o v e r s t r e s s  t h e  d r i v e  s h a f t s .  
measurement involve  t h e  des ign  of a special-purpose dynamometer. However, 
s a t i s f a c t o r y  torque  measurements can poss ib ly  be  obta ined  by s imply 
ex tending  the s t r a i g h t  l i n e  of  each e x i s t i n g  torque  c a l i b r a t i o n .  
The 
A l t e r n a t e  methods f o r  t o rque  
Problems w i t h  S l i p  Measurement 
4 3 .  I n  terms of  r e p o r t i n g  abso lu te  va lues  of  v e h i c l e  t r a n s l a t i o n a l  
v e l o c i t y  , the f i f th -wheel  device  c l o s e l y  matches t h e  s t r i n g  payout device  
as shown by tests conducted t o  compare t h e  two devices .  However, when 
t h e s e  va lues  are combined w i t h  va lues  of  wheel speeds t o  compute s l i p s ,  
s i g n i f i c a n t  d i f f e r e n c e s  appear  when s t r i n g  payout and f i f th -wheel  veloc- 
i t i e s  are used because t h e  s l i p  formula is  based on v e l o c i t y  d i f f e r e n c e s .  
Of t h e  two devices ,  t h e  s t r i n g  payout i s  more a c c u r a t e ,  b u t  i t  is  l i m i t e d  
t o  use  i n  s t r a i g h t - l i n e  tests.  The f i f th -wheel  device  i s  less a c c u r a t e ,  
b u t  i t  can be used i n  f ree- run  maneuver tests. The use  of photography 
is , as d iscussed  below, an i m p r a c t i c a l  al ternate.  Thus, there seems t o  
be  no recourse  a v a i l a b l e  o t h e r  than  t o  conduct tests comparing t h e  s t r i n g  
payout and f i f th -wheel  d e v i c e s ,  s o  t h a t  a c o r r e c t i o n  procedure can be  
worked o u t  f o r  a p p l i c a t i o n  t o  f i f  th-wheel r ead ings .  
24 
Problems with Photography 
44.  Photography is o f t e n  considered f o r  use  i n  determining s l i p  
a n d  abso lu t e  v e h i c l e  v e l o c i t y ,  and o f f e r s  an a t t ract ive s o l u t i o n  t o  t h e  
problem of t h e i r  accu ra t e  determinat ion.  However, because of t h e  d i f -  
f i c u l t y  of main ta in ing  proper  alignment of  t h e  camera and v e h i c l e  and 
t h e  l abor ious  process ing  of p i c tu re s  t o  e x t r a c t  t h e  d e s i r e d  d a t a ,  photo- 
graphy i s  not  a u s e f u l  procedure except f o r  checking o r  c a l i b r a t i n g  
o t h e r  devices ,  o r  f o r  handl ing  s h o r t  d a t a  runs .  
and speed are t o  be  measured cont inuously throughout tests of du ra t ion  
g r e a t e r  than just a few seconds,  t h e  use  of photography c r e a t e s  more 
problems than  i t  s o l v e s .  
For cases where s l i p  
Out-of-Round Wheels 
45.  The ga the r ing  o f  d a t a  f o r  s l i p  computations w i l l  b e  plagued 
by out-of-round wheels even i f  i t  is p e r f e c t  i n  a l l  o t h e r  r e s p e c t s .  
The r o l l i n g  r ad ius  used i n  s l i p  computation is n o t  cons tan t  e i ther  
du r ing  t h e  course o f  a test o r  from test  t o  t e s t .  Measurements of 
average  r o l l i n g  r a d i u s  are dependent on t h e  usage h i s t o r y  of the v e h i c l e .  
A s  mentioned ea r l i e r ,  t h e  v e h i c l e  should n o t  be permi t ted  t o  rest on 
i t s  wheels between tests, and should be  s t o r e d  wi th  t h e  wheel covers i n  
place during i d l e  pe r iods .  
Maneuver Area 
4 6 .  The s o i l  b i n  used f o r  maneuver tests was j u s t  l a r g e  enough t o  
permi t  t he  v e h i c l e  t o  d r i v e  through one complete t u r n i n g  circle. A 
25 
l a r g e r  maneuver area should be  used t o  f r e e  t h e  o p e r a t o r  from concern 
about impacting t h e  s i d e  of t h e  b i n  and t o  a l low ample traversal  o f  
v i r g i n  s o i l  s u r f a c e  du r ing  random maneuvering ope ra t ions .  
about 7 m by 7 m would be  d e s i r a b l e .  
An area of 
Improvement of Wheel Speed Measurement 
47. The arrangement f o r  t h e  wheel speed measurement, in tended  t o  
minimize weight and power requi rements ,  involves  pickup of r e f l e c t e d  
ambient l i g h t  by a p h o t o c e l l  from b r i g h t  po r t ions  of  t h e  d r i v e  a x l e .  
The test  a rea  must be  s t r o n g l y  i l l umina ted  because t h e  b r i g h t  area sensed  
by the  pho toce l l  is s m a l l .  For s t r a i g h t - l i n e  t es t s ,  i n  which the o r i -  
e n t a t i o n  of pho toce l l s  and l i g h t  sources  w a s  r e l a t i v e l y  cons t an t ,  t h i s  
method produced s a t i s f a c t o r y  r e s u l t s .  However, p h o t o c e l l  r e g i s t r a t i o n  
w a s  d i s rup ted  dur ing  maneuver tests when t h e  v e h i c l e  w a s  o r i e n t e d  s o  
t h a t  t h e  pho toce l l s  could p i ck  up d i r e c t  r ays  from t h e  l i g h t  source ,  
On some occas ions ,  t h e  te lemet ry  channel w a s  s a t u r a t e d  by t h i s  occur- 
r ence ,  and the  measurement w a s  d i s rup ted  u n t i l  t h e  v e h i c l e  o r i e n t a t i o n  
changed. A t  t h e  i n e v i t a b l e  expense of added we igh t ,  t h e  wheel speed 
measurement should b e  made independent of r e f l e c t e d  l i g h t ,  
A l t e r a t i o n  of Telemetry Channel Zero S e t t i n g s  
48.  Because o f  t h e  l e a d  t i m e  r e q u i r e d  t o  f a b r i c a t e  t h e  te lemet ry  
equipment,  channel ranges and zero  s e t t i n g s  had t o  be  s p e c i f i e d  i n  
advance of  the c o n s t r u c t i o n  of  t h e  v e h i c l e  and the arrangements f o r  d a t a  
measurements. The dec i s ion  w a s  made t o  center t h e  ze ros  i n  the middle  
26 
of t h e  ranges of a l l  channels.  For example, motor c u r r e n t s  would b e  
measured over a range of 1.0 amp from -0.5 t o  M.5 amp. Although they 
are gene ra l ly  s a t i s f a c t o r y ,  some of the measurements d i d  n o t  t ake  f u l l  
advantage of t he  dynamic range of t h e i r  te lemetry channels.  
t h e  wheel speed pu l ses  are of one p o l a r i t y  and vary over  no more than 
one h a l f  of  t he  a v a i l a b l e  range. More s e r i o u s l y ,  t h i s  is t r u e  a l s o  of 
t he  motor c u r r e n t  measurements, which have shown s a t u r a t i o n  of t h e i r  
te lemetry channels under cond i t ions  of  h i g h - t h r o t t l e  s l o p e  climbing. 
The ze ro  s e t t i n g  of each channel can be a l t e r e d  as fol lows:  I n  t h e  
t e l eme t ry  r e c e i v e r ,  t h e r e  i s  a w i r e  jumper ad jacen t  t o  t h e  g a i n  a d j u s t  
potent iometer  f o r  each channel.  This jumper must be removed. I n  t h e  
t e l eme t ry  t r a n s m i t t e r ,  t h e r e  is  an o f f s e t  c o n t r o l  f o r  each channel. 
TIiis c o n t r o l  can be reset t o  p l a c e  the measurement z e r o  as d e s i r e d  
w i t h i n  t h e  dynamic range. For example, i t  would be d e s i r a b l e  t o  measure 
motor c u r r e n t s  from 0 t o  +1.0 amp, o r  perhaps from -0.1 t o  +0.9 amp. 
Note t h a t  t he  front-panel  monitoring meter on t h e  receiver i s  intended 
f o r  centered-zero channels and w i l l  be overranged when monitor ing chan- 
n e l s  i n  which the  ze ra  is pos i t i oned  a t  one s i d e .  Another meter should 
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APPENDIX A: FACTORS BEARING ON THE DESIGN OF THE SCALE-MODEL LRV 
Dimens i o n a l  Analysis  
1. With r e s p e c t  t o  the fol lowing v a r l a b l e s  
m = mass G = cone index  g r a d i e n t  
p = s o i l  m a s s  dens i ty  V = v e h i c l e  speed 
W = weight o r  load  g = a c c e l e r a t i o n  of  g r a v i t y  
d = wheel diameter  o r  any 
linear dimension 
B = damping cons t an t  
K = s p r i n g  cons t an t  
T = t i m e  
c = s o i l  cohesion 
and the fo l lowing  assumptions (where ''mtr means "model on earth" and "p" 
means "pro to type  on moon") 
gm = 6 gp 
d = 6 d  P m 
W = 36 Wm 
P 
v = vm 
P 
G = 6 G (no cohesion) 
m P 
c = c  
m P  
P 
P, = P 
m = 216 mm 
P 
K = 6 K m  
B = 3 6 B  
P 
P m 
t h e  fo l lowing  dimensionless  r a t i o s  a re  equ iva len t  f o r  the model on t h e  
e a r t h  and t h e  pro to type  on the  moon: 
- ( su r face  f o r c e  numeric) 
2 cd 
(body f o r c e  numeric) 3 
P gd 
A 1  
* 








( r a t i o  of i n e r t i a  t o  s p r i n g  forces)  - 
( r a t i o  of i n e r t i a  t o  damping f o r c e s )  mV Bd 
-
* 
2.  I n  add i t ion ,  t h e  sand mob i l i t y  number 
G(bd)3'2 . -  6 
W h 
where 
b = t i re  width 
6 = t i r e  d e f l e c t i o n  
h = t i r e  s e c t i o n  he igh t  
i s  a l s o  i n v a r i a n t  between model and pro to type .  
t 3. For s l i g h t  cohesion t h e  assumption G = 6 G i s  no longer  t r u e ,  
m P 
and d i s t o r t i o n  occurs wi th  r e s p e c t  t o  t h e  sand loading numeric, However, 
d i s t o r t i o n - f r e e  d a t a  may s t i l l  be obta ined  wi th  r e s p e c t  t o  t h e  sand 
mobi l i ty  number by c o n t r o l l i n g  the  r a t i o  (6/w) s o  t h a t  
P 
* D. R. F r e i t a g ,  "ADimensional Analysis  of t h e  Performance of Pneumatic 
Tires on Sof t  S o i l s , "  Technical  Report No. 3-688, Aug 1965,  U. S Army 
Engineer Waterways Experiment S t a t i o n ,  C E ,  Vicksburg, M i s s .  
** D. Schuring, "Scale Model Tes t ing  of Land Yehicles  i n  a SAmulated 
Low Gravity F ie ld , "  Paper No. 660148 presented  a t  SAE Automotlve 
Engineering Congress , Jan  1966, D e t r o f t  , Mtch. 
t N .  C .  Costes ,  p r i v a t e  communication,l971, George C.  Marshall Space 
F l i g h t  Center ,  Nat iona l  Aeronaut ics  and Space Adminis t ra t ion ,  
Hun t sv i l l e ,  A l a .  
A2 
4 .  The r a t i o  YT/d can be k e p t  
by having 6 Tm = T . This suggests  
f = 6 f  . 
m P 
P 
cons tan t  between 
that f requencies  
model and pro to type  
are r e l a t e d  by 
5. S u b s t a n t i a l  agreement wi th  t h i s  r e s u l t  has  been obta ined  w i t h  
drop tests of t h e  LRV scale model, showing prominent f requencies  of about 
3 cyc/sec  (see f i g .  A l l ,  and f i e l d  data from t h e  pro to type  LRV show2ng 
f requencies  of 0.5 t o  0.33  cyc/sec.  
* 
6. Because maneuvering is  an important mode of ope ra t ion  of a 
free-running scale-model v e h i c l e ,  i t  is p e r t i n e n t  t o  a sk  how t h e  s t a b i l i t y  
a g a i n s t  ove r tu rn  of the model relates t o  that  of the pro to type .  An 
approximate a n a l y s i s ,  w i th  wheel and suspension d e f l e c t i o n s  neg lec t ed ,  
can be c a r r i e d  out as fol lows:  I n  f i g .  A2, c e n t r i f u g a l  f o r c e  F acts 
h o r i z o n t a l l y  through t h e  c e n t e r  of g rav i ty  of a v e h i c l e  t u r n i n g  w i t h  
r a d i u s  R a t  speed V . When over turn  i s  i n c i p i e n t ,  t h e  sum of moments 
about p o i n t  A i s  ze ro ,  o r  
Fdl = Wd2 
where dl is t h e  lever arm of F about A , and d2 i s  t h e  lever arm of 
t h e  v e h i c l e  weight W about A . But 
=l 
and 
w = mg 
o r  
2 mV dl - = mgd2 R 
* Costes ,  a p .  c i t .  , page A2. 
A3 
A dimensionless form of this equatfon can b e  w r i t t e n  as 
I 
Model and prototype should be  r e l a t e d  by 
When t h e  r e l a t i o n s  given earlier connect ing g , Y , and t h e  l inear 
dimensions are i n s e r t e d  i n t o  this  expres s ion ,  t h e  e q u a l i t y  is  found t o  
hold.  Thus, t h e  s c a l i n g  conventions a l r eady  s e l e c t e d  t o  keep the fore-  
going numerics i n v a r i a n t  between model and pro to type  are v e q  l ikely 
s a t i s f a c t o r y  f o r  s tudying  ove r tu rn  problems a l s o .  
Mechanical Considerat ions 
7. When t h e  s c a l i n g  of l i n e a r  dimensions and loads  had been de ter -  
mined, problems of f a b r i c a t i o n  could be  addressed.  Materials w e r e  s e l e c t e d  
so  t h a t  t h e  combined weight of v e h i c l e ,  r a d i o  c o n t r o l ,  and in s t rumen ta t ion  
would correspond t o  t h e  s c a l e d  l u n a r  pro to type  load ,  
cons t ruc ted  almost e n t i r e l y  of magnesium. The wheels w e r e  cons t ruc t ed  
of a nylon mesh of proper  r i g i d i t y  t o  produce a s c a l e d  l o a d - d e f l e c t i o n  
c h a r a c t e r i s  t i c .  
The v e h i c l e  w a s  
8. With the s i z e  and weight of t h e  model and the wheel load ihg  and 
suspension travel c h a r a c t e r i s t i c s  p rope r ly  accounted f o r ,  the remainder 
of t h e  design process  made no appea l  t o  s c a l i n g  laws. 
t h e r e  w a s  no s i m i l a r i t y  between model and p ro to type  e l e c t r i c a l  p ropuls ion  
systems o r  veh ic l e  body s u p e r s t r u c t u r e .  
S p e c i f i c a l l y  
With r e s p e c t  t o  the propuls ion  
A4 
system, t h e  p r i n c i p a l  problem w a s  t o  f i n d  motors and gear  boxes capable  
of d e l i v e r i n g  s u f f i c i e n t  to rque  t o  propel  t h e  model i n  s o f t  soil and 
y e t  be  small enough t o  mount conveniently on the  model. 
p o s s i b i l i t y  of devis ing  a scaled-down system wi th  the  motors mounted 
i n  t h e  wheels.  
t o  t h e  wheels through double un ive r sa l  j o i n t s  and sp l ined  s h a f t s .  
arrangement,  f o r  which no reasonable  a l t e r n a t i v e  could be found, had con- 
s i d e r a b l e  f r i c t i o n a l  loss  i n  t h e  composite d r i v e  s h a f t ,  as ind ica t ed  by 
t h e  unsteady components of motor cu r ren t  shown i n  f i g .  12 .  
There w a s  no 
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